Restriction endonuclease-generated polynucleotide and synthetically produced oligonucleotide gene probes used in colony hybridization assays proved to be efficient for the detection and differentiation of enterotoxigenic Escherichia coli. To compare their relative efficiencies, these two sets of probes were radiolabeled with 32P and were applied to 74 strains of E. coli with known enterotoxin profiles and to 156 previously unexamined E. coli isolates. The enterotoxigenic bacteria Vibrio cholerae 01, Vibrio cholerae non-O1 (NAG), Yersinia enterocolitica, and E. coli harboring the plasmid vectors of the polynucleotide gene probes were examined for further evaluation of probe specificity. The two classes of probes showed a perfect concordance in their specific detection and differentiation of enterotoxigenic E. coli. In the analysis of six strains, the signal strength on autoradiography after hybridization with oligonucleotides was weaker than that obtained after hybridization with polynucleotide probes. The probes did not hybridize with DNA from V. cholerae 01, V. cholerae non-Ol (NAG), or Y. enterocolitica. The strains of E. coli harboring the plasmid vectors of the polynucleotide gene probes were, likewise, negative in the hybridization assays.
Enterotoxigenic Escherichia coli (ETEC) is a frequent cause of diarrheal disease among humans and young animals (15) . The three E. coli enterotoxins most commonly encountered in human disease are the two heat-stable enterotoxins (ST) STaI and STaII and the heat-labile enterotoxin (LT) LTh. The plasmid-borne genes encoding these toxins have been cloned and sequenced (2, 17, 27) .
Methods for the accurate detection and classification of ETEC are essential not only for studies of the etiology and epidemiology of diarrheal disease but also for the evaluation of future vaccines against ETEC. Restriction endonucleasegenerated DNA fragments harboring specific toxin gene sequences, as well as synthetically produced oligonucleotides constructed to match such genes, have been used as probes for the identification of ETEC. In general, compared with the standard bioassays for detecting the phenotypic expression of these genes, the efficiency of colony hybridization with these two classes of probes has been satisfactory (16, (19) (20) (21) . However, on a few occasions, the sensitivity has appeared to be suboptimal (3, 4) .
It is convenient to prepare oligonucleotide gene probes in large quantities, and accordingly, they are well suited for use in clinical laboratories. Furthermore, they are highly specific (11) . A disadvantage, however, is that the sensitivity of short oligonucleotides may be affected by minor nucleotide changes in the target sequences. Also, hybridization and washing conditions are quite critical and differ from one probe to another (21) . Polynucleotide probes, on the other hand, are not susceptible to loss of sensitivity caused by minor nucleotide mismatches, and relatively standardized conditions can be used with different probes. These probes are more difficult to produce in large quantities, however, * Corresponding author. and care must be taken to prepare restriction fragments that are free of vector sequences in order to maintain optimal specificity. With these factors in mind, and to resolve some of the questions raised in previous reports, we compared restriction enzyme-generated polynucleotide probes with synthetic oligonucleotides for their ability to detect ETEC in colony hybridization assays. In order to optimize the validity of the oligonucleotide hybridization assay, we used three newly synthesized, relatively long probes with individually calibrated washing conditions (21) .
MATERIALS AND METHODS
Probe preparation and standardization of washing conditions. Plasmids were constructed for restriction enzymegenerated polynucleotide probe isolation as follows. Plasmid pDAS100 was constructed by *inserting a 215-base-pair HpaII fragment from the STaII gene of pSLM004 (17) into the AccI site of pUC8. The insert was isolated for use as the STaII probe after cleavage of pDAS100 with BamHI and PstI. pDAS101 was constructed by inserting a 157-base-pair Hinfl fragment from the STaI gene of pRIT10036 (13, 17) into the SmaI site of pUC8 after the Hinfl ends were filled in by an E. coli DNA polymerase-Klenow fragment-mediated reaction. The insert was isolated for use as an STaI probe after cleavage of pDAS101 with EcoRI and BamHI. The LT probe was isolated from pEWD299 (2) (6) , which gave a specific activity of 5 x 108 to 1 x 109 cpm/,ug of probe. The oligonucleotide probes (STaI, 5'-GAA CTT TGT AAT CCT GCC TGT GCT GGA TGT-3'; STaII, 5'-GAA TTG TGT AAT CCT GCT TGT ACC GGG TGC-3'; LT, 5'-A CGT TCC GGA GGT CTT ATG CCC AGA GGG CAT AAT-3') were produced and radiolabeled as described previously (21) . The hybridization and washing conditions for these newly constructed probes were carefully calibrated in order to obtain maximal sensitivity and specificity. In short, by using 3 x SSC (lx SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate) with 0.1% sodium dodecyl sulfate, the optimal temperatures of stringent washing for each probe were found to be 65, 65, and 56°C, respectively.
Examination of purified DNA. pDAS100, pDAS101, and pEWD299 were used as STaII, STaI, and LT target sequences, respectively. Decreasing concentrations of DNA, which was diluted in TE buffer (10 mM Tris [pH 7] and 0.1 mM EDTA), were spotted onto nitrocellulose membranes, denatured as described previously (21), baked at 65°C overnight, and examined with both sets of probes to compare their sensitivities.
Bacterial strains. In order to evaluate the sensitivities and specificities of the gene probes when they were used in the colony hybridizations, we initially examined 74 isolates of E. coli (kindly provided by Y. Takeda, University of Tokyo, Tokyo, Japan, and Ann-Mari Svennerholm, Department of Medical Microbiology, University of G0teborg, G0teborg, Sweden). The phenotypic toxin profiles of all these reference strains were established by standard techniques. ST production was determined by the infant mouse assay (8), while LT production was assessed by the Chinese hamster ovary cell assay (9) and the GM1 ganglioside enzyme-linked immunosorbent assay with anti-LT antibodies (23) . A total of 25 strains were found to produce ST only (ST+ LT-), 12 produced LT only (ST-LT+), 14 LTs share important structural and functional features with cholera toxin (1, 22, 27) , while Yersinia enterocolitica and Vibrio cholerae non-O1 (NAG) have been found to produce enterotoxins similar to E. coli STa (25, 26) . Accordingly, for further evaluation of the specificity of the probes, we included 3 V. cholerae O1 strains (courtesy of J. Lassen, National Institute of Public Health, Oslo, Norway), 12 Y. enterocolitica strains, of which 9 were positive by the infant mouse assay, and 2 infant mouse-positive NAG strains (kindly provided by Ann-Mari Svennerholm, Department of Medical Microbiology, University of G0teborg). Furthermore, 5x SSPE (lx SSPE is 10 mM NaH2PO4 H20, 150 mM NaCI, 1 mM EDTA [pH 7.5]) rather than 5x SSC was used in the hybridization solution for both sets of probes.
Before hybridization was performed, growth on the nitrocellulose membranes was registered. The following criteria were defined in advance. Positive signals on autoradiography were graded from + to + + +. A strain would be considered toxin negative if two or three clones showed adequate growth and the test results for these clones were negative. If at least one of the clones gave a positive test result, the strain would be considered toxin positive, regardless of the growth pattern. If two of the clones did not show adequate growth and the third gave a negative test result, the strain would be excluded from the study. The results of the hybridization assays were recorded blindly by an independent scientist.
RESULTS
In the examination of cloned toxin gene sequences, the oligonucleotides detected 96 pg of STaII, 12 Thus, cloned and synthesized gene probes concomitantly identified 83 of a total of 230 E. coli strains as ETEC. Furthermore, in the hybridization assays, the two sets of probes agreed completely in the classification of these strains with regard to their specific toxin gene profiles. However, in the analysis of six strains, the signal strength on autoradiography after hybridization with oligonucleotides was substantially weaker than that obtained after hybridization with polynucleotide probes (Fig. 1 and Table 1 ).
DISCUSSION
Colony hybridization assays have proved efficient in clinical and epidemiological studies of ETEC-induced diarrhea (16, (18) (19) (20) . However, several apparent drawbacks have discouraged researchers to rely solely on this method, and therefore, time-consuming biological assays are often run in parallel. Major discrepancies between hybridization assays in which oligonucleotide and polynucleotide probes are used have been described recently (3, 4) . Furthermore, reports on minor (21) and major (3, 4) inconsistencies between standard biological techniques and hybridization assays have been reported. In contrast, the findings presented here demonstrate a complete correspondence between the results obtained with oligonucleotide and polynucleotide probes. Likewise, for the 74 strains also examined in biological assays, a satisfactory concordance with these reference techniques was observed.
These contrasting results may have several explanations. First, our examination of purified toxin gene DNA suggests that there is a somewhat lower sensitivity of the oligonucleotide probes compared with that of their corresponding polynucleotides. Oligonucleotides are quite sensitive to the stringency of hybridization and washing conditions. Hence, under suboptimal conditions the binding of the diagnostic probe to the target DNA may drop to undetectable levels. In order to avoid false-negative and false-positive results, the optimal requirements of the oligonucleotides used in the current study have been mapped carefully (21) . Second, short oligonucleotides may not hybridize to target sequences containing single nucleotide mismatches (5, 11 (24) and in the infant mouse assay (8) have given variable results, ranging from nondetectable to low levels of ST production. Thus, in this strain, the finding of an apparently false-positive hybridization result seems to reflect a low and variable level of ST production rather than a suboptimal specificity of the hybridization assays. Isolates of E. coli with weak or nonexistent in vitro toxin production which are positive for toxin genes in DNA hybridization experiments have been described previously (4, 21) . The clinical and epidemiological significance of such strains has yet to be established. The colony hybridization assays described here demonstrate an acceptable sensitivity and specificity of oligonucleotide and polynucleotide probes in the detection of ETEC. When nonradioactive labeling techniques of gene probes (10, 12, 14, 20) achieve the sensitivity of their radiolabeled ancestors, such methods will be increasingly applicable for clinical and epidemiological studies of diarrheal diseases. 
